Our aim was to test the association of vascular risk factor exposure in midlife with progression of MRI markers of brain aging and measures of cognitive decline.
advance understanding of the mechanisms by which vascular risk factors increase the risk of dementia. Furthermore, knowing if midlife exposure to vascular risk factors predicts an accelerated rate of cognitive decline and structural brain aging in community persons in advance of clinically detectable cognitive impairment could be important from a public health perspective, as most of these risk factors are modifiable by validated treatments and lifestyle changes.
We sought to explore this question in the Framingham Offspring Study, by examining the association of midlife vascular risk factor exposure with subsequent longitudinal change of quantitative MRI markers of brain aging-white matter hyperintensity volume (WMHV), total brain volume (TBV), and temporal horn volume of the lateral ventricles (THV)-as well as longitudinal change in cognitive test scores of verbal memory, visuospatial memory, and executive function.
METHODS Study population. The Framingham Heart
Study is a single-site, community-based, prospective cohort study that was initiated in 1948 to investigate risk factors for cardiovascular disease. It comprises 3 generations of participants: the original cohort, followed since 1948 9 ; their offspring and spouses of the offspring, followed since 1971 (offspring cohort) 10 ; and children from the largest offspring families enrolled in 2000 (gen 3). 11 The present study includes participants from the offspring cohort, comprising 5,124 persons examined approximately every 4 years since enrollment. 10 As part of a large ancillary study, offspring participants who survived to the 7th examination (1998 -2001) and attended at least one evaluation among the 5th, 6th, or 7th examinations or had moved away from Framingham but continued to be followed up offsite (n ϭ 3,623) were invited to take a neuropsychological test battery (NP) and undergo volumetric brain MRI (1999 -2005) . 12 The acceptance rate was 72%. A total of 2,607 subjects underwent NP testing, 2,262 also had a brain MRI. Since 2005, all participants included in the ancillary study were invited to undergo a second NP assessment and brain MRI. Second examinations performed between 2005 and 2007 (n ϭ 1,399) could be used for analysis (data from 2008 to 2010 continue to be tabulated). Participants have been monitored since 1974, using previously described surveillance techniques, for the development of stroke or dementia. 13, 14 Stroke was defined as an acute onset focal neurologic deficit of presumed vascular etiology, lasting Ն24 hours. Dementia was diagnosed according to the criteria of the DSM-IV. 15 We excluded participants with prevalent stroke (n ϭ 16) at the first NP/MRI evaluation (none of the participants had a diagnosis of dementia at this timepoint). We also excluded participants with other neurologic disorders that might confound the assessment of brain volumes (n ϭ 31), at the first or last MRI. Hence the final sample for the present analysis con-sisted of 1,352 Framingham offspring participants (figure e-1 on the Neurology ® Web site at www.neurology.org).
Vascular risk factor and covariate assessment. We used measures of vascular risk factors, assessed at the 5th offspring examination (examination 5, [1991] [1992] [1993] [1994] [1995] and defined as in the Framingham Stroke Risk Profile. 14 Body mass index (BMI) was defined as weight (kg) divided by the square of height (m). Standing waist circumference was measured at the level of the umbilicus; hip circumference at the level of the trochanter major. Waist-to-hip ratio was calculated as the ratio of waist to hip circumferences. Other vascular risk factors were defined as follows: hypertension, systolic blood pressure Ն140 mm Hg, diastolic blood pressure Ն90 mm Hg, or use of antihypertensive medications 16 ; obesity, BMI Ն30 kg/m 2 ; diabetes, fasting glucose Ն7 mmol/L or use of an antidiabetic therapy; hypercholesterolemia, fasting total cholesterol Ն6.20 mmol/L or use of a cholesterol-lowering therapy. Smokers were identified based on current smoking status at examination 5. Participants were categorized according to the presence or absence of Ն1 APOE ⑀4 allele. Educational achievement was studied as a 4-class variable (no high school degree; high school degree, no college; some college; college degree).
Outcome measurement. Longitudinal change in MRI
markers of brain aging. Brain MRI techniques used in the Framingham Heart Study have been described in detail previously. 17 Briefly, participants were evaluated with a 1 or 1.5-T Siemens Magnetom scanner. Three-dimensional T1 and double echo proton density and T2 coronal images were acquired in 4-mm contiguous slices. Centralized reading of all images was performed (QUANTA 6.2, Sun Microsystems Ultra 5 workstation). Semiautomated analysis of pixel distributions based on mathematical modeling of MRI pixel intensity histograms for CSF and brain matter (white and gray matter) were used to determine the optimal threshold of pixel intensity to best distinguish CSF from brain matter. For segmentation of WMH from other brain tissues, the first and second echo images from T2 sequences were summed and a log-normal distribution was fitted to the summed data. A segmentation threshold for WMH was determined as 3.5 SDs in pixel intensity greater than the mean of the fitted distribution of brain parenchyma. WMHV and TBV were computed using a previously validated method. As hippocampal volume at the second MRI was available only in a small subset of participants at this time, change in hippocampal size was estimated using change in THV, as described previously. 18 Increasing THV is a surrogate marker of decreasing hippocampal volume.
Longitudinal change in cognitive test scores. We selected a subset of tests from the NP battery (table e-1) that are representative measures of memory and executive function. 19 The delayed recall component of the Logical Memory subtest (LM-d) from the Wechsler Memory Scale provides a savings measure of retention for verbal memory. The delayed recall component of the Visual Reproductions test (VR-d) assesses visuospatial memory. The difference between the score on Trail-Making Tests B and A (TrB-A) is a marker of executive function. We transformed TrB-A so that higher scores reflected better performance. Pearson correlation coefficients were used to calculate correlations between continuous measures of change. We used multivariable linear regression to relate each vascular risk factor to continuous measures of change and multivariable logistic regression for dichotomous measures of change. All analyses were adjusted for sex, age at the first NP/MRI assessment, time interval between the risk factor assessment and the first NP/MRI assessment, and education for cognitive outcomes. For the dichotomous measure of WMHV change, we also adjusted for the time interval between the first and last NP/MRI evaluation (in the other analyses, this time interval was already accounted for in the calculation of annualized change). As a secondary analysis, we tested whether the associations were similar when additionally adjusting for the baseline measure of the examined outcome variable, because baseline measures are a major predictor of progression, and to account for regression to the mean, a statistical phenomenon whereby unusually large or small measurements tend to be followed by measurements that are closer to the mean. Given the strong association of both elevated blood pressure and WMHV progression with stroke, the association of hypertension and systolic blood pressure with WMHV progression was also adjusted for interim stroke. We tested for interaction with APOE ⑀4 carrier status.
Analyses were performed using Statistical Analyses System software version 9.1 (SAS Institute, Cary, NC).
RESULTS
Baseline characteristics of the 1,352 participants are shown in table 1. Among participants with at least one NP/MRI evaluation, those included in the longitudinal analysis were significantly younger and healthier than those for whom no follow-up data were available (table 2). Midlife measurements of vascular risk factors at examination 5 were performed at a mean age of 54 years, 7 years on average before the first NP/MRI assessment. Longitudinal change in cognitive function and brain structure was measured on average between age 61 and 67 (table 1). Between the first and last NP/MRI assessment, 19 participants had an interim stroke and 2 developed dementia.
The mean annual decline in TBV and increase in THV were significantly more marked in men than in women (table e-2). Progression of WMHV was significantly more pronounced in participants aged Ն65 years than in younger individuals (table e-2) . Overall, all measures of change in brain structure and cognitive function were more marked with increasing age (figure 1). APOE ⑀4 carriers had a more rapid decline in logical memory performance (LMd, estimate [␤] Ϯ standard error [SE] Ϫ0.15 Ϯ 0.07, p ϭ 0.021) compared to noncarriers, but did not differ significantly for change in other cognitive domains and MRI markers of brain aging (data not shown).
All measures of change in MRI markers of brain aging were significantly correlated with each other and with change in verbal memory (LM-d) and executive function (TrB-A) (table e-3). Decreasing TBV and increasing WMHV were significantly correlated with change in visuospatial memory (VR-d, table e-3).
Vascular risk factors and structural brain aging.
Hypertension and increasing systolic blood pressure in midlife were associated with a more rapid increase in WMHV (table 3) . These associations were maintained after adjusting for interim stroke (␤ Ϯ SE ϭ 0.23 Ϯ 0.06, p Ͻ 0.001 for hypertension and 0.006 Ϯ 0.002, p Ͻ 0.001 for systolic blood pressure). Midlife diabetes was significantly associated with a greater annual increase in THV (table 3) and a higher risk of being in the top quartile of increase in THV (table 4) . Current smoking in midlife was associated with a greater annual increase in THV and decrease in TBV (table 3) and also predicted an increased risk of prominent change in THV, TBV, and WMHV (table 4) . Increasing waist-to-hip ratio in midlife was associated with an increased risk of marked decrease in TBV (table 4) . Table 1 Demographics, risk factor characteristics, and baseline NP/MRI measures Associations of midlife risk factors with change in MRI markers of brain aging were substantially unchanged after adjusting for baseline measures (tables e-4 and e-5). No significant interaction between APOE ⑀4 carrier status and vascular risk factors was detected for associations with structural brain aging.
Vascular risk factors and cognitive decline. Both hypertension and systolic blood pressure were associated with a more marked decline in TrB-A performance (table 3) and systolic blood pressure with a higher risk of being in the top quartile of decline in TrB-A scores (table 4). These associations remained significant after additionally adjusting for WMHV change (table 3) . Midlife obesity predicted a higher risk of being in the top quartile of decline in TrB-A (table 4) .
These associations were unaltered after adjusting for baseline cognitive performance (tables e-4 and e-5). No significant interaction between APOE ⑀4 carrier status and vascular risk factors was identified for associations with change in cognitive perfor-mance. In particular, the association between APOE ⑀4 and decline in LMd was not modified by vascular risk factors and the association of hypertension and obesity with decline in TrB-A was not modified by APOE ⑀4. DISCUSSION In a sample of 1,352 community participants without dementia, midlife hypertension was a significant predictor of WMHV progression and worsening performance in executive function a decade later. Midlife diabetes was associated with a more rapid increase in THV, a surrogate marker of accelerated hippocampal atrophy. Current smokers in midlife were at increased risk of marked expansion of THV and WMHV, and decrease in total brain volume. Midlife obesity was associated with rapid decline in executive function and increasing waist-to-hip ratio with marked decrease in TBV. Moreover, changes in brain structure were significantly associated with decline in both memory and executive function.
Recent data from the Atherosclerosis Risk in Communities (ARIC) Study suggested that midlife blood pressure measurements and cumulative systolic blood pressure are powerful predictors of WMHV progression, measured partly on a semiquantitative scale and partly with an automated procedure. 21 Here we extend these findings to another large community-based sample with fully automated quantification of WMHV progression. A few crosssectional studies have suggested an inverse association of diabetes with hippocampal volume 22, 23 ; however, the impact of midlife diabetes on longitudinal change of hippocampal volume had, to our knowledge, not yet been assessed in community participants. A number of cross-sectional associations between smoking and increased WMH load have been described, 24, 25 and in the Cardiovascular Health Study, cigarette smoking was associated with worsening semiquantitative white matter grade over 5 years. 26 Likewise, lower brain volumes have been described cross-sectionally in smokers compared to nonsmokers, 27, 28 but longitudinal data are lacking. Our study confirms the longitudinal association of midlife smoking with WMHV progression, on a quantitative scale, and additionally shows a longitudinal association with global brain atrophy and a surrogate marker of hippocampal atrophy. The association of waist-to-hip ratio with marked decline in TBV is in agreement with the previously observed inverse association between markers of abdominal fat and brain volume, 17 and further suggests that abdominal adiposity may be associated with a dynamic process of accelerated brain atrophy.
A number of studies have assessed the relation of vascular risk factors with cognitive decline. 29 Overall, Table 2 Characteristics of participants with at least one brain MRI/NP evaluation, included or not in the present analysis hypertension and diabetes were most frequently associated with a faster decline in executive function and processing speed. [30] [31] [32] [33] In many of these studies risk factor exposure was ascertained at the time of the first cognitive evaluation and not in midlife. Here we expand published findings by reporting an association of midlife hypertension with a more rapid decline in executive function a decade later. We observed only a trend toward an association of midlife diabetes with decline in executive function; however, given the few diabetic individuals, our power was limited. An inverse relationship between obesity and executive function has been reported cross-sectionally, 34, 35 but no longitudinal data are available in the literature to our knowledge.
Here obesity was also associated with rapid decline in executive function. The association of vascular risk factors with decline in memory performance in the literature is controversial. [36] [37] [38] In line with recent data from the ARIC study, we did not observe a significant association between midlife vascular risk factors and decline in memory performance, while the latter was significantly associated with APOE ⑀4 carrier status. 30 Nonetheless, we found longitudinal effects of most vascular risk factors on structural brain measures that were significantly correlated with change in cognitive performance, including memory, suggesting at least an indirect association. Although interventional studies are required to formally assess causality, the temporal relationship of midlife risk factor exposure with longitudinal change in structural brain aging and cognitive decline is suggestive. Based on our results, it is tempting to hypothesize that the mechanisms by which different vascular risk factors could potentially impact cognitive aging may be distinct. Thus, hypertension could be associated predominantly with increased small vessel disease load leading to an accelerated rate of WMHV progression and decline in executive function, while diabetes could be related primarily to neurodegenerative mechanisms with accelerated hippocampal atrophy and smoking to both vascular and neurodegenerative lesions. However, caution is warranted, as vascular risk factors are highly correlated with each other, making it difficult to tease out the individual effects of each.
There may be a number of reasons for the lack of direct association between vascular risk factors and memory in our dataset. First, this is a community sample of relatively young subjects, excluding persons with clinical dementia, thus leading to limited variability in cognitive performance. Second, longitudinal differences in brain structure may reflect an earlier effect of exposure to vascular risk than changes in cognition, and in the general population executive function was shown to decline first, before other cognitive domains such as memory. 39 Third, measures of change in brain structure are assessed using automated procedures, with less variability and noise Annual change in quantitative MRI markers of brain aging and cognitive test scores with increasing age
All measures of change were significantly associated with increasing age category (p for trend Ͻ 0.001 for mean annual change in TBV, THV, WMHV, LMd, TrB-A; p for trend ϭ 0.018 for VRd). LM-d ϭ Logical Memory, delayed recall; TBV ϭ total brain volume; THV ϭ total hippocampal volume; TrB-A ϭ Trail-Making Test B-A; VR-d ϭ Visual Reproductions, delayed recall; WMHV ϭ white matter hyperintensity volume. than measures of change in cognitive function, which can be influenced by various fluctuating parameters, such as fatigue, mood, or anxiety. Finally, measures of cognitive decline, especially for memory, 40 are subject to a learning effect, possibly leading to an underestimation of longitudinal change. The strengths of this study include the population-based setting, the longitudinal design, and the availability of vascular risk factor exposure data in midlife, several years before the outcome assessment. Vascular risk factor exposure in midlife probably reflects a greater lifetime cumulative exposure than measures recorded later and is less likely to be modified by age-related concomitant disease inducing for instance a drop in blood pressure or weight loss. We were limited by the lack of a direct measure for longitudinal change in hippocampal volume. Furthermore, persons included in this study are not perfectly representative of the general population, as they were almost entirely Caucasian and had fewer vascular risk factors than persons who were unable to undergo or declined brain MRI and NP testing. This may have limited our power to detect associations and therefore these findings likely underestimate true associations in the general population. Finally, we did not perform any correction for multiple testing as we considered our study as exploratory.
The observed associations of midlife vascular risk factors with a more marked change in quantitative imaging and cognitive intermediate markers of dementia have important implications. First, they suggest that vascular risk factors in midlife should be targeted for primary prevention trials of dementia. Second, they provide some evidence that longitudinal intermediate markers based on brain MRI and cognitive testing, which can be measured quantitatively a decade before the age at which dementia commonly presents, could perhaps be useful to screen treatments prior to evaluation in much larger clinical studies using dementia as a clinical endpoint.
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